matched peaks were summed, and the peak area fraction for each peak was determined; only peaks with a peak area fraction above a threshold of 0.0005 were considered ( Figure SM32 ). For time reactions, the change in peak area fraction (semi was fit to a first order model, and semi
Analysis of Radii of Product Distributions.
the center of reactivity (x c , y c , z c ) was first established for each complex by use of equation (1), separately for each coordinate (x, y, and z). A weighted average of each Cartesian coordinate ( and z c , separately) was determined using the Cartesian coordinates ( entire NMR structure of the Rev/RRE complex, using the apparent initial rate of formation ( resulting 3'-phosphoglycolate (3'-PG) fro weighting for that site.
Next, the distance (r i ) of each 4'-C from the calculated center of reactivity ( use of equation (2).
Finally, the apparent initial rate of formation ( (r i ) of each corresponding 4'-C from the center of reactivity. The resulting data were fit to the Gaussian equation (3) , with the distribution centered at 3'-PG, r is the distance between the corresponding 4' area, and R rxn is the calculated Gaussian radius of reactivity.
Thiobarbituric Acid Assay. Incubations of each M mM H 2 O 2 + 1 mM ascorbic acid), with and without unlabelled RRE RNA (10 µM), were performed as described in other sections, for 1 h at 37 ºC. Following incubation, the reactio immediately mixed with 40 µL 25 % HCl and 40 µL of a solution containing 0.1 % thiobarbituric acid (w/v) in 50 mM NaOH, and the resulting mixture (100 µL) was immediately boiled for 30 min. The mixture was then allowed to cool to RT, emission at 550 nm was monitored, with excitation at 532 nm, on a Varian Cary Eclipse fluorescence spectrophotometer. For each M-chelate with RNA and one without RNA. The fluorescence intensity without added RNA was subtracted from the fluorescence intensity with added RNA, and this difference was attributed to the 2 bis(thiobarbituric acid) adduct formed during the b were performed in either duplicate or triplicate.
4 matched peaks were summed, and the peak area fraction for each peak was determined; only peaks with a peak area fraction above a threshold of 0.0005 were considered ( Figure SM32 ). For time reactions, the change in peak area fraction (semi-quantitative mole fraction) for each species over time was fit to a first order model, and semi-quantitative apparent initial rates (nM/min) were determined.
To establish a radius of reactivity (R rxn ) was first established for each complex by use of equation (1), separately for each coordinate (x, y, and z). A weighted average of each Cartesian coordinate ( , separately) was determined using the Cartesian coordinates (x i , y i , and z i ) of each 4' entire NMR structure of the Rev/RRE complex, using the apparent initial rate of formation ( PG) from each position within the RNA sequence as a relative C from the calculated center of reactivity (x c , y c , z c arent initial rate of formation (f i ) of each 3'-PG was plotted as a function of the distance C from the center of reactivity. The resulting data were fit to the Gaussian equation (3) , with the distribution centered at r = 0, where f is the apparent initial rate of formation of is the distance between the corresponding 4'-C and calculated center of reactivity, is the calculated Gaussian radius of reactivity.
Incubations of each M-chelate-Rev catalyst (10 µM) and co + 1 mM ascorbic acid), with and without unlabelled RRE RNA (10 µM), were performed as described in other sections, for 1 h at 37 ºC. Following incubation, the reaction mixture (20 µL) was immediately mixed with 40 µL 25 % HCl and 40 µL of a solution containing 0.1 % thiobarbituric acid (w/v) in 50 mM NaOH, and the resulting mixture (100 µL) was immediately boiled for 30 min. The mixture was then allowed to cool to RT, stirred, and added to a fluorescence cuvette. The fluorescence emission at 550 nm was monitored, with excitation at 532 nm, on a Varian Cary Eclipse fluorescence chelate-Rev catalyst, two reactions were performed in paralle with RNA and one without RNA. The fluorescence intensity without added RNA was subtracted from the fluorescence intensity with added RNA, and this difference was attributed to the 2 bis(thiobarbituric acid) adduct formed during the boiling process. All thiobarbituric acid experiments were performed in either duplicate or triplicate. matched peaks were summed, and the peak area fraction for each peak was determined; only peaks with a peak area fraction above a threshold of 0.0005 were considered ( Figure SM32 ). For time-dependent quantitative mole fraction) for each species over time quantitative apparent initial rates (nM/min) were determined. rxn ) for each complex, ) was first established for each complex by use of equation (1), separately for each coordinate (x, y, and z). A weighted average of each Cartesian coordinate (x c , y c , ) of each 4'-C in the entire NMR structure of the Rev/RRE complex, using the apparent initial rate of formation (f i ) of each m each position within the RNA sequence as a relative
(1) c ) was determined by (2) PG was plotted as a function of the distance C from the center of reactivity. The resulting data were fit to the Gaussian is the apparent initial rate of formation of C and calculated center of reactivity, A is the peak (3) Rev catalyst (10 µM) and co-reactants (1 + 1 mM ascorbic acid), with and without unlabelled RRE RNA (10 µM), were performed as n mixture (20 µL) was immediately mixed with 40 µL 25 % HCl and 40 µL of a solution containing 0.1 % thiobarbituric acid (w/v) in 50 mM NaOH, and the resulting mixture (100 µL) was immediately boiled for 30 min. The stirred, and added to a fluorescence cuvette. The fluorescence emission at 550 nm was monitored, with excitation at 532 nm, on a Varian Cary Eclipse fluorescence Rev catalyst, two reactions were performed in parallel: one with RNA and one without RNA. The fluorescence intensity without added RNA was subtracted from the fluorescence intensity with added RNA, and this difference was attributed to the 2-hydroxypropeneoiling process. All thiobarbituric acid experiments Fluorescence-Monitored Titrations and Stopped-Flow Measurements Using AP-RRE. The dissociation constants (K D ) for binding of metal ions or complexes to AP-RRE were determined by fluorimetry on a Varian Cary Eclipse fluorescence spectrophotometer with excitation at 310 nm (SW = 10 nm) and emission at 371 nm (SW = 10 nm). A 660 µL volume of 100 nM AP-RRE was first heated to 90 °C for 5 min and then allowed to cool to, but not below, the titration temperature (37 °C). A 650 µL volume of this sample was added to the pre-thermostatted cuvette. After 10 min of temperature equilibration a solution of metal ion/complex was titrated into the AP-RRE solution. After each addition, 100 µL of the solution was mixed by gentle pipetting to ensure complete mixing. The fluorescence change of AP-RRE upon Cu-binding was monitored. Titration response curves were dilution-corrected, normalized to initial intensity values, and fit to eqn (4) , where F obsd is the observed fluorescence intensity, F bound is the fluorescence of metal-bound RNA, F free is the fluorescence of unbound RNA, [M] is the concentration of added metal ion or complex, K D is the fitted dissociation constant, and n is the fitted cooperativity ( Figure SM26 , Supporting Information).
Stopped-flow measurements of the kinetics of Cu 2+ (aq) binding to AP-RRE were made using an Applied Photophysics SpectraKinetic Monochromator, with excitation at 310 nm and an emission filer with band pass > 360 nm. Two syringes were used, one containing 100 nM AP-RRE and the other containing variable concentrations of Cu 2+ (aq). Data were collected only after two purge injections, and each kinetic trace of fluorescence vs time (log time) was the average of 3 trials. Kinetic traces were fit to a pentaphasic first order kinetic model ( Figure SM26 , Supporting Information). Table SM1 . Tabular form of the data shown in figure 7 of the manuscript. Breakdown of the apparent initial rates of formation of RNA cleavage fragments containing each type of nascent terminal overhang, resulting from cleavage of Fl-RRE RNA by each M-chelate-Rev complex, in the presence of co-reactants. Time-dependent experiments were monitored by MALDI-TOF MS (typically 8 mass spectra per catalyst). Also included were the apparent initial rates of formation of full-length RNA with either missing bases or one or more additions of oxygen. The quantified nascent terminal overhang types were 3'-OH, 2',3'-cPO 4 , 3'-PO 4 , 3'-PG, 3'-a-B, 5'-z, 5'OH, and 5'-PO 4 . In order to obtain the apparent initial rate of formation for a given overhang type, the apparent rates of formation for that product type at all positions within the RNA sequence were summed. 3 the fluorescence of which decreases upon a conformational change in the RNA, following reaction; rates for the AP-RNA assay tend to be higher than for the PAGE assay, due to differences in what is being monitored, as described previously (Joyner et al., 2011) . Figure SM15 . Targeted cleavage of RRE RNA required attachment of catalysts to the Rev peptide in order to achieve efficient cleavage, as seen by differences in reactivity between the M-chelate-Rev catalysts and Mchelates lacking Rev. 2+ binding to AP-RRE (fit to pentaphasic first order kinetic model), which revealed five discreet events during the binding interaction and suggests initial binding of Cu 2+ to at least one site distant from the 2-aminopurine probe (2-AP), with subsequent cooperative binding of Cu 2+ near the 2-AP probe. Relative to free Cu 2+ , lower-affinity binding was observed for Cu-NTA, free Fe 2+ , free Co 2+ , and free Ni 2+ . Although no binding was directly observed for Cu-GGH upon titration into AP-RRE, it is likely that the Cu-GGH binds in a manner that does not alter the fluorescence of the AP probe. AP-RRE fluorescence emission was monitored at 371 nm (an emission filter with 360 nm cutoff was used for stopped-flow analysis), with excitation at 310 nm. The relatively high activity of free Cu 2+ (aq) and the Cu-GGH and Cu-NTA chelates lacking Rev was the result of the combination of a low-affinity Cu-binding site within the RRE RNA (discussed above) and ons of catalyst and RNA required for MALDI-TOF MS detection (10 µM). Unlike the other -NTA chelates are similar to free Cu 2+ (aq) in that at least two non 
INITIAL RATES OF CLEAVAGE OF RRE

EXTENTS OF OXIDATIVE CLEAVAGE OF RRE RNA AFTER 1 HOUR INCUBATION (MALDI-TOF MS)
36
The distribution of cleavage sites/rates is distinct for free Cu 2+ (aq) vs M-(A) Apparent initial rates of formation of cleavage products for free Cu 2+ (aq) and co-reactants. (B) Apparent initial rates of formation of cleavage products for Cu-NTA-Rev and co-reactants. The relatively high activity of GGH and Cu-NTA chelates lacking Rev was the result of the combination of a low binding site within the RRE RNA (discussed above) and the high concentrations of catalyst and RNA TOF MS detection (10 µM). Table SM3 . Predicted masses for products ions (z = -1) resulting from cleavage of Fl-RRE RNA (36-mer). The predicted masses shown here correspond to [RNA] 1-fragments terminated with one of the listed nascent overhangs, at one of the positions shown. These masses were used for assignment of peaks in mass spectra. All fragments with nascent 3' overhangs were terminated at the 5' end with fluorescein; all fragments with nascent 5' overhangs were terminated at the 3' end with a 3'-hydroxyl group. The Fl-RRE RNA is similarly terminated at the 5' end with fluorescein and at the 3' end with a Table SM6 . No general correlation was observed between the RNA-cleavage reactivity and the ionic radius of the transition metal contained within the M-chelate-Rev complexes. Rather, the rates were affected by complex combinations of the metal chelates' electronic parameters, reduction potential, degree of coordination unsaturation, geometry, nature of the ROS produced at each metal center, and possibly other parameters. The rates listed are the averages for each metal ion of the rates obtained from reactions of 10 µM Fl-RRE RNA, 10 µM M-chelate-Rev, 1 mM H 2 O 2 , and 1 mM ascorbate. The oxidative rates shown here were obtained from the sums of rates of formation of oxidative cleavage products (fragments containing nascent 3'-PO 4 , 3'-PG, and 5'-PO 4 overhangs); transesterification rates were obtained from the sums of rates of formation of fragments containing nascent 2',3'-cPO 4 and 5'-OH overhangs. a Huheey, Keiter, and Keiter. Inorganic Chemistry: Principals of Structure and Reactivity (2000).
